fusion protein was selectively transferred to interconnected neurons in a retrograde direction and transported to the cell bodies of higher-order neurons (Maskos et al., 2002) . This approach allowed us to visualize, at single-cell resolution, neurons that send synaptic projections to orexin neurons, by visualizing GFP in interconnected neural circuits. We identified GFP-positive cells in multiple specific brain regions, including the basal forebrain cholinergic neurons, GABAergic neurons in the VLPO, and serotonergic neurons in the median raphe (MnR) and paramedian raphe (PMnR) nucleus. We also found that almost 20% of orexin neurons examined were activated by a cholinergic agonist, carbachol, while 3% of orexin neurons were inhibited. These anatomical and functional observations revealed neural networks that regulate the activity of orexin neurons, and provide important insights into the pathways that regulate vigilance states.
Results

Expression of TTC::GFP Fusion Protein in Orexin Neurons
We constructed a transgene with the human preproorexin promoter, which was ligated to the DNA fragment encoding TTC::GFP ( Figure 1A ). This promoter has been shown to direct expression of exogenous proteins specifically in orexin neurons (Hara et ( Figure 1B) . Using immunoelectron microscopy, we extensively observed the hypothalamic regions in which orexin neurons are distributed, to confirm selective into serial ultrathin sections, which were observed under an electron microscope, and all DAB-positive reactransfer of the fusion protein. Over 100 sections throughout the hypothalamus were cut, and further cut tions were observed and photomicrographed. GFP-like
Distribution of GFP-ir in Brain of Orexin/TTC::GFP Mice
The GFP fluorescence of retrogradely labeled neurons was very weak. Therefore, we stained the brains of 8-to 12-week-old transgenic mice with anti-GFP serum to detect GFP with higher sensitivity. This method allowed us to examine the more detailed distribution of the fusion protein (Figure 3) . We examined the distribution of GFP-ir in over 20 brains prepared from three independent lines. We recognized positive expression only when positive neurons were observed in all lines consistently. A small number of medium to large sized (10-15 m) cell bodies with positive staining were observed in the infralimbic (IL) and prelimbic (PrL) cortex ( Figure 3B ). Many positively stained cell bodies were observed in the amygdaloid regions, including the central (Ce), medial, basomedial (BMA), and anterior cortical amygdaloid nucleus (Aco) and the basolateral amygdaloid nucleus (BLA) (Figures 3E-3H ). Many labeled cells were areas (MPO and LPO), contained many densely labeled cells ( Figures 3D and 3E ). Several densely stained cells immunoreactivity (GFP-ir) was found in vesicle-like were observed in the VLPO. In the thalamus, several structures in the cytoplasm ( Figure 2D ). GFP-ir synaptic stained cells were observed in the medial part of the terminals that made synapses on GFP-positive soma lateral habenular nucleus (LHb) ( Figure 3H ). Positive or dendrites were observed. The fusion protein accucells were not observed in other regions of the thalamulates in the postsynaptic membrane in a punctate mus. Many densely stained cells were also observed in intraneuronal pattern. Immunoreactivity was continuthe magnocellular preoptic nucleus (MCPO) ( Figure 3D ). ously observed in the presynaptic membrane, and in In the hypothalamus, many densely stained cells the cytoplasm of synaptic boutons, suggesting that the were observed in the lateroanterior hypothalamus (LA) fusion protein was transported from cell bodies to syn-( Figure 3E ). The LHA contained many very strongly laaptic boutons in a retrograde manner ( Figure 2C No positive cells were observed in any region of the cerebellum.
Orexin Neurons Are Innervated by Cholinergic Neurons
Since we observed labeled neurons in several brain regions known to contain particular neurotransmitters, we examined the colocalization of these neurotransmitters and GFP-ir in these regions by double-label immunohistochemistry. Many heavily stained cells were observed in areas in which the basal forebrain cholinergic neurons are located, including the basal nucleus of Meynert, medial septal nucleus (MS), vertical and horizontal limb of the diagonal band nucleus (VDB and HDB), and magnocellular preoptic nucleus (MCPO) (Figure 4 ). We found that essentially all GFP-ir cells in these regions also showed choline acetyl transferase (ChAT)-like immunoreactivity (ChAT-ir) ( Figure 4E ). In the basal nucleus of Meynert, MS, VDB, HDB, and MCPO, 33% ± 6%, 18% ± 5%, 13% ± 5%, 16% ± 6%, and 15% ± 8% of ChAT-positive cells were positive for GFPir, respectively (n = 4). These observations suggest that a subpopulation of the basal forebrain cholinergic neurons send innervations to orexin neurons.
In contrast, only a few faintly stained cells were observed in the PPT/LDT. These GFP-ir cells in the PPT/ LDT were also positive for ChAT-ir ( Figure 4E ), while 2% ± 0.6% of ChAT-ir cells in these regions were positive for GFP-ir (n = 3).
We also observed many GFP/ChAT-double-positive cells in the DMH ( Figure 4E ).
Effects of Carbachol on Orexin Neurons
Cholinergic neurons are thought to play an important Figure S1 ). On the other hand, car-−60 mV) ( Figure S1 ). This effect was concentration dependent ( Figure 5C ) and was concentration depenbachol induced an outward current in a small population of orexin neurons examined (9/152). This effect was dently inhibited by a muscarinic antagonist, atropine (data not shown). The reversal potential examined from concentration dependent ( Figure 5D ) and was concentration dependently inhibited by a muscarinic antagothe I-V relationship obtained by a voltage ramp protocol in the presence of tetrodotoxin was −11.0 ± 2.5 mV (n = nist, atropine (data not shown). The reversal potential although the middle region contained a relatively large number of cells that were activated by carbachol (Figure 5C ).
Orexin Neurons Are Innervated by GABAergic Neurons in Preoptic Area
The POA, including the MPO and LPO, contained many densely labeled neurons ( Figure 6A) . Notably, several densely stained cells were observed in the VLPO (Figure 6B) . The POA, especially the VLPO, is reported to contain sleep-active neurons, which carry inhibitory neurotransmitters, GABA and galanin. We previously found that GABA potently inhibits orexin neurons, while galanin does not show a detectable effect on the activity of orexin neurons (Yamanaka et al., 2003a) . Therefore, we examined if these retrogradely labeled cells in the VLPO contain GABA or not. By double-label immunofluorescent study, we found several GFP-and GABAdouble-positive cells within the VLPO in the brains of the transgenic mice ( Figure 6C ). Almost 8.2% ± 1.6% of GABA-ir cells in these regions were positive for GFPir (n = 3). These observations suggest that VLPO neurons send GABAergic inhibitory projections to orexin neurons. Figures 7A and 7B) . A moderate number of heavily stained cells were also observed in the raphe pallidus (Rpa) and raphe magnus (RMg) nuclei ( Figure 3M ). In contrast, few positive cells were observed in the DR. We also found that a small population (3%) of orexin neurons was hyperpolarized by carbachol. This minor Although we could not detect any ectopic expression of the transgene by in situ hybridization or lacZ staining population of orexin neurons might be negatively regulated by cholinergic cells. We also found that the rein all lines ( Figures 1C and 1D , 2002) . bition from the POA during sleep. Consistently, a recent report showed that microdialysis perfusion of the preoptic area with a GABA agonist, muscimol, which decreased the sleep period of rats to less than 3% of the Other Afferents to Orexin Neurons We found many labeled neurons in the regions associbaseline value over a 90 min period, induced expression of Fos in 36% of orexin neurons, suggesting that ated with emotion (see also Figure S3 ). The amygdala contains many GFP-ir cells (Figures 3H and 3I) . A consubpopulations of the preoptic neurons send a tonic inhibitory input to orexin neurons (Satoh et al., 2004) .
Orexin Neurons Are Innervated by 5-HT Neurons in Raphe Nuclei
Many cells with dense signals for GFP-ir were observed in the MnR and PMnR nucleus (
verging body of literature has implicated the amygdala in assigning emotional significance or value to sensory These observations suggest that the activity of orexin neurons is negatively regulated by GABAergic neurons information. We also found many labeled neurons in the other regions implicated in emotion, such as the IL, in the POA.
AcbSh, LS, and BST. Especially, the BST contained many strongly labeled neurons ( Figure 3D ; 
